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Abstract. We present new constraints on the couplings of axions and more generic axion-
like particles using data from the EDELWEISS-II experiment. The EDELWEISS experiment,
located at the Underground Laboratory of Modane, primarily aims at the direct detection of
WIMPs using germanium bolometers. It is also sensitive to the low-energy electron recoils
that would be induced by solar or dark matter axions. Using a total exposure of up to
448 kg.d, we searched for axion-induced electron recoils down to 2.5 keV within four scenarios
involving different hypotheses on the origin and couplings of axions. We set a 95 % CL limit
on the coupling to photons gAγ < 2.13 × 10−9 GeV−1 in a mass range not fully covered by
axion helioscopes. We also constrain the coupling to electrons, gAe < 2.56× 10−11, similar to
the more indirect solar neutrino bound. Finally we place a limit on gAe×geffAN < 4.70×10−17,
where geffAN is the effective axion-nucleon coupling for
57Fe. Combining these results we fully
exclude the mass range 0.91 eV < mA < 80 keV for DFSZ axions and 5.73 eV < mA < 40 keV
for KSVZ axions.
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1 Introduction
Following Peccei and Quinn’s original solution [1] to the CP problem in QCD, Weinberg [2]
and Wilczek [3] deduced the existence of a new, elusive pseudo-scalar particle, the axion. Both
the axion mass and the strength of its couplings to ordinary particles are inversely propor-
tional to the Peccei-Quinn symmetry-breaking scale fA. While the original axion model with
fA associated with the electroweak scale was quickly dismissed by subsequent experiments,
"invisible" axions with fA as a free parameter are still viable. The most frequently studied
are the so-called hadronic models such as KSVZ (Kim-Shifman-Vainstein-Zakharov) [4] and
the GUT models such as the DFSZ (Dine-Fischler-Srednicki-Zhitnitskii) model [5]. These
models still provide a solution to the strong CP problem. In both cases, the axion mass, mA,
is related to fA:
mA =
[
z
(1 + z + w)(1 + z)
] 1
2 fπmπ
fA
= 6eV ×
(
106GeV
fA
)
(1.1)
where mπ = 135 MeV is the pion mass, fπ ≈ 92 MeV the pion decay constant, while z =
mu/md = 0.56 and w = mu/ms = 0.029 are the mass ratios of the lightest up, down and
strange quarks, with significant uncertainties especially for z [6]. We use ~ = c = 1.
The effective axion couplings to photons (gAγ), electrons (gAe) and nucleons (gAN ) are
model dependent [7, 8]. For example, hadronic axions are coupled to new, heavy quarks
– 1 –
and do not interact with ordinary quarks and leptons at the tree level leading to a strong
suppression of gAe. On the contrary, DFSZ axions require that Standard Model quarks and
leptons carry a Peccei-Quinn charge. Experimental searches and astrophysical constraints can
be translated to limits on fA, or equivalently on the axion mass, within a given axion model.
On the other hand, axion-like particles (ALPs) are pseudo-scalar fields generically predicted
by string theory [9], as the Kaluza-Klein zero modes of anti-symmetric tensor fields. The
mass and couplings of ALPs are not directly related to their Peccei-Quinn-like scale. It is
therefore relevant to also search for ALP couplings in a model-independent way.
The purpose of this article is to report on a study of the interaction of axions or ALPs
produced by different mechanisms in the Sun or constituting the galactic dark matter halo
(Section 2) with EDELWEISS-II germanium bolometers operated underground and described
in Section 4. Two detection mechanisms in the germanium detectors, described in Section 3,
are exploited: the coherent Bragg diffraction, related to gAγ and the axio-electric effect, which
is the analogue of a photo-electric effect with the absorption of an axion instead of a photon.
We benefit from the quality of the EDELWEISS-II data set: a large exposure corresponding
to 14-month data taking with ten 400-g germanium detectors, a good energy resolution and
a very low background down to an energy threshold of 2.5 keV. This low background was
made possible thanks to both the low-radioactivity underground setup of the experiment and
the so-called ID detector design [10] which allows a selection of interactions that takes place
within a fiducial volume for each detector. We carry out four axion searches associated with
different benchmark scenarios. These searches are described in Sections 5-8. The derived
constraints on axion couplings will be discussed, and in particular we interpret them within
the specific DFSZ and KSVZ axion models.
2 Possible axion sources: the Sun and the galactic halo
The Sun could be a major source of axions. The different mechanisms which can lead to
axion production in the Sun will be briefly reviewed in Section 2.1. A second possibility is
that axions constitute a major fraction of dark matter and are present in the galactic halo,
as described in Section 2.2.
2.1 Axion production in the Sun
Several production mechanisms will be briefly described and considered later for data analysis:
1. Primakoff production: γ → A in the presence of charged particles
2. Nuclear magnetic transition of 57Fe nuclei: 57Fe∗ →57Fe + A
3. Compton-like scattering: e− + γ → e− + A
4. Axion bremsstrahlung: e− → e− + A in the presence of charged particles
5. Axio-recombination: e− + I → I− + A where I is an ion
6. Axio-deexcitation: I∗ → I + A where I∗ is an excited state of I
We will refer to the sum of axio-recombination and axio-deexcitation as the axio-RD mecha-
nism. The relative intensity of the mechanisms is model-dependent. For example, in the case
of non hadronic axions such as those described by the DFSZ model, fluxes related to Compton
– 2 –
and bremsstrahlung processes are far more intense than those predicted by hadronic models
for the same value of fA. This is due to the fact that the coupling to electrons arises at
the tree level. In this case, the Compton and bremsstrahlung channels for axion production
largely prevail over the Primakoff effect (see Section 5). On the contrary, the latter dominates
hadronic axion emission. As for the 57Fe axions, whose flux depends only on the isoscalar
and isovector coupling constants, the axion production rate is similar in hadronic and non
hadronic models. Fig. 1 shows the evaluated fluxes on Earth for the various processes.
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Figure 1. Predicted solar axion fluxes in the EDELWEISS detectors from different mechanisms.
The thick solid black line corresponds to the sum of Compton, bremsstrahlung and axio-RD
(recombination-deexcitation). Red: Primakoff axions. Blue: 57Fe nuclear transition. The intrinsic
width of this line, dominated by Doppler broadening, is 5 eV. The effective axion couplings corre-
sponding to the represented fluxes are gAγ = 10
−9 GeV−1, gAe = 10
−11 and geffAN = 10
−7.
2.1.1 Production by Primakoff effect
Axions could be efficiently produced in the Sun by the inverse Primakoff conversion of thermal
photons in the electromagnetic field of the solar plasma. The effective Lagrangian of the
axion-photon coupling is given by:
L = −1
4
gAγF
µν F˜µν φA = gAγE ·BφA, (2.1)
where Fµν is the electromagnetic field tensor, F˜µν its dual, φA the axion field and gAγ the
axion-photon effective coupling constant.
– 3 –
Within standard axion models, the coupling gAγ , which has the dimension of (energy)
−1,
can be written as:
gAγ =
α
2πfA
[
E
N
− 2(4 + z + w)
3(1 + z + w)
]
(2.2)
where α is the fine structure constant and E/N is the ratio of the electromagnetic to color
anomalies of the Peccei-Quinn symmetry (E/N = 8/3 and 0 for DFSZ and KSVZ models,
respectively).
The expected solar Primakoff axion flux was estimated in [11], and is well approximated
by the expression where the energy E is in keV:
dΦ
dE
=
6.02 × 1014
cm2 keV s
(
gAγ × 108
GeV−1
)2
E2.481e−E/1.205 (2.3)
This corresponds to a broad spectrum, with an average energy of about 4.2 keV and
a negligible intensity above 10 keV as shown in Fig. 1. The intensity of the resulting axion
flux scales as g2Aγ . Finally, we mention that this flux estimation is valid for ultra-relativistic
axions. In [12], a calculation of the Primakoff flux is also given for non-relativistic axions.
The derived correction to the flux in the mildly relativistic regime is of the order of 1 % for
mA = 200 eV.
2.1.2 Production via 57Fe nuclear magnetic transition
As axions couple to nucleons in many models, another possible mechanism of axion production
in the Sun can be their emission following the de-excitation of the low-lying energy levels of
some nuclei populated by the high solar temperature. The ability to measure keV-scale
energy depositions with EDELWEISS bolometers is an incentive to study more specifically
the 14.4 keV monochromatic axions emitted in the M1 transition of 57Fe nuclei.
This particular isotope is considered because of its stability and its remarkable abundance
among heavy elements in the Sun (the average 57Fe density in the Sun’s core is about 9×1019
cm−3 [13]). Last, but not least, its first excited nuclear state, placed at E∗ = 14.4 keV above
the ground state, is low enough to be thermally excited in the hot interior of the Sun, where
the average temperature is kT ∼ 1.3 keV [14, 15]. The conventional relaxation of the excited
57Fe nucleus occurs through the emission of a 14.4 keV photon or an internal-conversion
electron. Since this de-excitation corresponds mainly to an M1 transition (E2/M1 mixing
ratio is 0.002), also an axion could be emitted.
The effective Lagrangian coupling axions to nucleons is given by:
L = iψ¯Nγ5(g0AN + g3ANτ3)ψNφA (2.4)
where φA is the axion field, ψN is the nucleon isospin doublet, and τ3 the associated isospin
Pauli matrix. The two dimensionless parameters g0AN and g
3
AN are the model-dependent
isoscalar and isovector axion-nucleon coupling constants, respectively. In KSVZ models they
are related to the scale fA by the following expressions [7, 8]:
g0AN = −7.8× 10−8
(
6.2× 106GeV
fA
)(
3F −D + 2S
3
)
g3AN = −7.8× 10−8
(
6.2× 106GeV
fA
)[
(D + F )
1− z
1 + z
] (2.5)
– 4 –
Here, the dimensionless constants F = 0.462 and D = 0.808 [16] are invariant matrix elements
of the axial current, determined by the hyperon semileptonic decays and flavor SU(3) symme-
try. The flavor-singlet axial-vector matrix element S is still a poorly constrained dimensionless
parameter. It can be estimated by measurements of the polarized nucleon structure function,
but suffers from large uncertainties and ambiguity. Intervals for S proposed in the literature
lie in the range 0.15− 0.55 [17, 18]. In the model-dependent analysis presented later, we will
use the benchmark value S = 0.5.
In non-hadronic axions as in the DFSZ model, the values for g0AN and for g
3
AN depend
on two additional unknown parameters, Xu and Xd [7]. They are related to tan βDFSZ , the
ratio of two Higgs vacuum expectation values of the model, by the relations Xu+Xd = 1 and
Xd = cos
2 βDFSZ . The expressions for g
0
AN and for g
3
AN are given in this case by [7]:
g0AN = 5.2 × 10−8
(
6.2× 106GeV
fA
)[
(3F −D)(Xu −Xd − 3)
6
+
S(Xu + 2Xd − 3)
3
]
g3AN = 5.2 × 10−8
(
6.2× 106GeV
fA
)
D + F
2
(
Xu −Xd − 31− z
1 + z
)
.
(2.6)
In the later model-dependent studies, we will take cos2 βDFSZ = 1 as a benchmark value.
Note that this choice also maximises the axio-electric cross section in the DFSZ model, as we
will see in Section 2.1.3.
We discuss now in detail the decay of the 14.4 keV first excited state of the 57Fe nucleus
to the ground state via axion emission, a process that competes with ordinary M1 and E2
gamma transitions. In general, the axion-to-photon emission rate ratio for the M1 nuclear
transition calculated in the long-wavelength limit is [19]:
ΓA
Γγ
=
(
kA
kγ
)3 1
2πα
1
1 + δ2
[
g0ANβ + g
3
AN
(µ0 − 1/2)β + µ3 − η
]2
, (2.7)
where kA and kγ are the momenta of the outgoing axion and photon respectively, and α
is the fine structure constant. The quantities µ0=0.88 and µ3=4.71 are the isoscalar and
isovector nuclear magnetic moments respectively, given in nuclear magnetons. The parameter
δ denotes the E2/M1 mixing ratio for this particular nuclear transition, while β and η are
nuclear structure dependent ratios. Their values for the 14.4 keV de-excitation process of an
57Fe nucleus are δ=0.002, β = −1.19, and η = 0.8 [15]. Using these values in Eq. (2.7) we
find
ΓA
Γγ
=
(
kA
kγ
)3
1.82 (−1.19g0AN + g3AN)2 . (2.8)
Introducing the effective nuclear coupling adapted to the case of 57Fe, geffAN ≡ (−1.19g0AN +
g3AN), the corresponding axion flux at the Earth, as quoted in [20], is given by:
Φ14.4 =
(
kA
kγ
)3
× 4.56 × 1023 (geffAN )2 cm−2 s−1. (2.9)
To take into account also non-relativistic limit, the factor
(
kA
kγ
)3
has not been set equal
to one. Using the expressions given in Eq. (2.5) and Eq. (2.6), it is possible to evaluate g0AN
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and g3AN for the DFSZ and KSVZ models and thus evaluate the corresponding fluxes for these
two cases. Results show that the two fluxes are of the same order of magnitude (see [21] for
a detailed discussion).
2.1.3 Compton, bremsstrahlung and axio-RD processes
The last solar production mechanisms explored in this paper arise if axions couple to electrons.
The corresponding effective Lagrangian may be chosen as:
L = igAeψ¯eγ5ψeφA (2.10)
where gAe is the dimensionless axion-electron coupling constant. Axions can then be emitted
within the Sun by the Compton process (γ+e− → e−+A) and by bremsstrahlung (e−+X →
e− + X + A, where X is an electron, a hydrogen or helium nucleus) occurring in the hot
plasma. We also consider emission processes associated with the electron capture by an ion
(axio-recombination), and to the bound-bound "axio-deexcitation": from the reevaluation by
[22], these processes lead to a non-negligible flux, which we call axio-RD. Since the derived
fluxes scale in the same way as g2Ae, we take into account all these processes at the same
time. For the axio-RD process we use a tabulated spectrum from [22] (Fig. 1), while for the
Compton-bremsstrahlung process we use the estimation [22]:
dΦ
dE
=
(
dΦ
dE
)Compton
+
(
dΦ
dE
)bremsstrahlung
= g2Ae × 1.33 × 1033 E2.987 e−0.776 E
+ g2Ae × 2.63 × 1035 E e−0.77 E
1
1 + 0.667 E1.278
(2.11)
where fluxes are in cm−2 s−1 keV−1 and energies in keV.
While EDELWEISS data will be used to set model-independent constraints on gAe, valid
for any ALP, explicit expressions for the coupling constant may be given for specific axion
models. Within the DFSZ axion models, where the coupling is at the tree level, we have:
(gAe)DFSZ =
me
3fA
cos2 βDFSZ (2.12)
where me is the electron mass while tan βDFSZ was already defined in Section 2.1.2. Here
again, for model-dependent studies we will fix cos βDFSZ = 1. Therefore, in that case gAe is
numerically given by the expression:
(gAe)DFSZ ≃ 1.68× 10−4GeV
fA
≃ 2.84 × 10−8mA
keV
. (2.13)
In the KSVZ axion model characterized by the absence of tree-level coupling to electrons,
gAe is determined only by radiative corrections [8]. As a consequence it is smaller than in the
DFSZ model by a factor of about α2. The expression for this parameter is:
(gAe)KSVZ =
3α2Nme
2πfA
(
E
N
ln
fA
me
− 2
3
4 + z + w
1 + z + w
ln
Λ
me
)
, (2.14)
where E/N = 0 as discussed in Section 2.1.1 for hadronic axions, and Λ ∼ 1 GeV is associated
with the QCD confinement scale. We therefore obtain numerically:
– 6 –
(gAe)KSVZ ≃ −5.7× 10−7 GeV
fA
(2.15)
2.2 Axions as dark matter
Within the cosmological concordance ΛCDM model, a large fraction of the mass content of
the universe is composed of dark matter (DM), the nature of which is still unknown. In
particular the dynamics of our galaxy can be explained by the presence of a non-relativistic
dark matter halo with a solar neighborhood density ρDM = 0.3 GeV/cm
3 in the conventional
model. Axion-like particles are a possible candidate for dark matter, and the hypothesis
of keV-scale ALPs was in particular proposed as an explanation of the annual modulation
observed by DAMA in NaI crystals [23].
When testing this scenario, we will assume that axions constitute all of the galactic dark
matter. The total, average flux of dark matter axions on Earth is then:
ΦDM[/cm
2/s] = ρDM · vA/mA = 9.0 × 1015
(
keV
mA
)
· β (2.16)
In this expression, mA is the axion mass and vA the mean axion velocity distribution with
respect to the Earth, β ≃ 10−3. The flux does not depend on any axion coupling.
3 Axion interactions in EDELWEISS detectors
In this paper we will use, depending on the production channel, two different mechanisms for
axion detection.
• Through the Primakoff effect, axions can be converted into photons in the intense
electric field of the germanium crystal [24]. The wavelength of relativistic solar axions,
with an energy of a few keV, is of the same order of magnitude as the inter-atomic spacing
of the detector. Therefore, depending on the direction of the incoming axion flux with
respect to the lattice, the axion signal can be enhanced significantly through Bragg
diffraction (EDELWEISS detectors are mono-crystals). The corresponding correlation
of the count rate with the position of the Sun in the sky also helps further with an
effective background rejection. We can express the Bragg condition as a function of the
axion energy, neglecting the axion mass and the target recoil: EA = |G2|/(2u·G), where
G is a reciprocal lattice vector and u is a unit vector directed towards the Sun. For
non-zero axion masses, the Bragg condition is changed by the axion dispersion relation
and becomes, for mA ≪ EA:
E2A =
G
4
4(u ·G)2 +
m2A
2
(3.1)
For mA = 200 eV, the relative correction on EA with respect to the case of massless
axions is m2A/4E
2
A ∼ 10−2 EA.
• Axions can also be detected through the axio-electric effect, the equivalent of a photo-
electric effect with the absorption of an axion instead of a photon: A+e−+Z→ e−+Z.
The axio-electric cross-section as a function of the axion energy was computed in [21,
25, 26], and is represented for several values of its mass in Fig. 2:
– 7 –
σAe(E) = σpe(E)
g2Ae
β
3E2
16παm2e
(
1− β
2
3
3
)
(3.2)
In this expression σpe is the germanium photoelectric cross-section, taken from [27] , β
is the ratio of the axion velocity to the speed of light, α is the fine structure constant
and me the electron mass. Through the axio-electric effect, an incoming axion of energy
E (relativistic or not) will generate an electron recoil with the same energy within an
EDELWEISS detector.
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Figure 2. Axio-electric cross section for different axion masses, computed for germanium and nor-
malized with gAe = 1. The discontinuities at 1.2 − 1.4 keV and 11.1 keV are due to electron shell
energies.
4 EDELWEISS-II data and backgrounds
EDELWEISS was primarily designed as a direct detection WIMP (Weakly Interacting Massive
Particle) search experiment, in which nuclear recoils induced by WIMPs from the galactic halo
are detected using germanium detectors working at very low temperatures (18 mK). We simul-
taneously measure ionization and phonon signals. The comparison of the two signals allows
a separation on an event-by-event basis of nuclear recoils from electron recoils induced by β
and γ radioactivity. These electron recoils constitute the major source of background in most
present-day direct WIMP searches. In particular, the ten 400-g EDELWEISS-II detectors
– 8 –
used in this analysis, called InterDigit (ID), are equipped with a set of thin aluminium inter-
leaved electrodes. This makes possible the identification of near-surface interactions based on
the measured ionization signals [10], and therefore the definition of an inner, so-called fiducial
volume for each detector. Detectors are operated at the Underground Laboratory of Modane
(LSM) in the Frejus Tunnel under the French-Italian Alps. They are protected from external
radioactivity by lead and polyethylene shields and also an active muon veto. EDELWEISS-II
has provided frontier sensitivities to WIMP-nucleon cross-sections for WIMP masses above
50 GeV [28, 29], as well as for low-mass WIMPs ∼ 10 GeV [30].
Through their weak coupling either to photons or to electrons, axions generate electron
recoils which can be detected in the EDELWEISS bolometers. The axion searches presented
here are based on data collected with ten ID bolometers during 14 months in 2009-2010, as
described in [28, 29]. The offline pulse reconstruction and calibration are identical to [28, 29].
Axion-induced events were searched for within the population of low-energy fiducial, electronic
recoils:
• Fiducial events were selected by requiring the absence of any signal above 4 sigma on
the veto and guard electrodes and by constraining the difference in the measured values
of the two collecting electrodes. The efficiency of this cut results in a fiducial mass of
160 g for each detector [28].
• For each fiducial event, we measured both the heat energy Eheat and a fiducial ionization
energy Eion, based on the combination of signals from both collecting electrodes. Fidu-
cial electron recoils are gaussian distributed along the line Eion = Eheat. We rejected
events beyond three standard deviations from this line.
An exposure adapted to this event selection was defined: we discarded time periods
with noisy fiducial ionization or heat signals, and obtained a homogeneous data set for each
detector with 280 live days on average. The total exposure reaches 448 kg.d for this analysis.
It is larger than the WIMP-search exposure published in [29] mainly because the axion search
does not depend as strongly on the purity of the fiducial selection, and requirements on the
resolution on the heat and ionization guard signals can be relaxed. To reject misreconstructed
pulses, a cut was applied on the χ2 of the fit to heat pulse shapes, keeping 98.7 % efficiency.
We also rejected coincidence events in neighboring bolometers and events detected in the
muon veto. The latter has negligible deadtime [31].
At low energies, an efficiency loss ǫonline appears because of the online trigger. The
efficiency function was computed from our knowledge of the time variations of this trigger. It
was cross-checked with gamma calibrations. In addition, we selected events with both heat
and fiducial ionization above a given threshold defined on a per-detector basis. The cut on
fiducial ionization is essential to remove the large number of heat-only pulses recorded during
the experiment. They are due to lead recoils associated with surface radioactivity, internal
radioactivity of the heat sensors and mechanical noise.
Finally, for each selected event we combined the heat and fiducial ionization to obtain
an optimal energy estimator for fiducial electron recoils: E˜ = wheat Eheat + wionEion where
wheat and wion are weights depending on the heat and fiducial ionization resolutions. An
analysis threshold on E˜ is set for each detector, by requiring that ǫonline(E˜) > 50% and
ǫother cuts(E˜) > 95%. With these cuts, three detectors have a threshold at 2.5 keV, two at
3 keV and five at 3.5 keV. The average FWHM at low energy is 0.8 keV for E˜.
Fig. 3 (left) shows the event rate as a function of E˜ for a typical detector, after the
data selection described above and after correction by the online trigger efficiency function.
– 9 –
The background consists of a Compton profile with a smooth, slightly decreasing energy
dependence, together with radioactive peaks, notably identified at 10.37 keV (68Ge), 9.66 keV
(68Ga), 8.98 keV (65Zn), 6.54 keV (55Fe), 5.99 keV (54Mn) and 4.97 keV (49V). An additional
smooth background increase at low energy may also be expected from unrejected surface
interactions. In the axion searches described below, two different background models are
used depending on the search:
1. Primakoff solar axions. In this study, we will exploit the time and energy dependence
of the axion signal to quantify gAγ . This results in an effective background rejection of
about two orders of magnitude [32]. Furthermore the expected global energy distribu-
tion of the signal has a larger width than the detector FWHM. As a consequence we will
include all radioactive peaks in the background model used for this analysis, in addition
to a smooth component. The smooth time variation of these peaks is negligible with
respect to the sharp and fast-varying axion signal. This analysis also requires that we
first study each detector individually: a background model is adjusted to each detector
spectrum.
2. Other axion searches. In all other searches, the axion signal has no time dependence to
first order and is simply identified by its spectral shape (such as a line) in the stacked
spectrum of all detectors. The time evolution of the 8.98 keV and 10.37 keV line inten-
sities (with decay times of 243 and 271 days, respectively) allowed us to measure the
intensity of these specific cosmogenic lines and include them in the background model,
independently from a potential time-independent axion signal at the same energy. How-
ever, the other radioactive peaks cannot be confidently estimated from their decrease
with time for lack of statistics. Therefore they are conservatively not included in the
background model. Above 12 keV, the smooth component of the spectrum is adjusted
by a polynomial fit. In this energy region, an increase of the count rate is observed
when energy decreases as expected from simulations [33]. The smooth component is
extrapolated below 12 keV with a linear fit. Two detectors, having a significantly higher
background than the others below 8 keV [30], were discarded from the stacked spectrum
below this energy. This results in an effective exposure of 357 kg.d at low energy for
these analyses. Fig. 3 (right) shows the stacked, efficiency-corrected background rate of
the detectors used in the analysis, together with the associated background model. We
will refer to this model as B(E˜) in the following.
5 Axion search: Primakoff solar axions
We consider the scenario in which axions are produced in the Sun by inverse Primakoff
conversion, resulting in the flux given in Eq. (2.3), and are detected again by the Primakoff
effect, using coherent Bragg diffraction. This axion search relies only on the existence of an
effective axion-photon coupling. Using the same formalism as in [32], the expected count rate
in a single detector as a function of energy, time, and the detector orientation α is given by:
R(E˜, t, α) = 2(2π)3
V
v2a
∑
G
dφ
dEA
g2Aγ
16π2
sin(2θ)2
1
|G|2
∣∣S(G)F 0A(G)∣∣2 W (EA, E˜)
=
(
gAγ × 108
GeV−1
)4
R(E˜, t, α) ≡ λR(E˜, t, α).
(5.1)
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Figure 3. Left: Efficiency-corrected electron recoil spectrum in the fiducial volume of a single
bolometer called ID3, in the energy range 2.5 − 100 keV. The smooth Compton feature is visible as
well as low-energy lines from induced radioactivity and cosmogenic activation of germanium. Right:
Stacked, efficiency-corrected electron recoil spectrum for the full exposure in the 2.5− 18 keV range.
The red line is the background model B(E˜) used in all analyses but Primakoff: a smooth Compton
component linearly extrapolated below 12 keV, together with 10.37 keV and 8.98 keV cosmogenic
lines.
In the first expression, V is the detector volume and va is the volume of the elementary cell of
the crystal lattice. The sum is over the vectors G of the reciprocal lattice, 2θ is the scattering
angle (related to the time-varying direction of the Sun with respect to G), S is the structure
factor and F 0A is the atomic form factor associated with the electrostatic field. The functionW
represents the detector resolution for the observable energy E˜, EA is the axion energy related
to G by the Bragg condition. Fig. 4 illustrates both time and energy variation of the signal,
for a given detector orientation in local (terrestrial) coordinates. Note that this expression for
the rate still applies for mildly relativistic axions, after the appropriate modifications of both
the Bragg condition giving EA and the solar flux are taken into account. Up to mA ≃ 200 eV,
the solar Primakoff flux changes by less than 1 % and the Bragg energy is shifted by ∼ 1 %,
a negligible value with respect to detector resolution hence the expression remains valid.
The geodesic location of the Underground Laboratory of Modane is (45.14◦ N, 6.68◦ E).
While the vertical axis of the bolometer tower is aligned with the [001] axis of each detector,
with a precision of about one degree, the individual azimuthal orientation α of each detector
was not measured. Therefore, in a first step we will adapt the method developed in the
same context by [32] for a single bolometer. We use the following time correlation function
assuming a given orientation α:
χk(α) = ǫk
∑
i
[
Rk(ti)−
〈
Rk
〉] · nik ≡ n∑
i
Wik · nik (5.2)
where ǫk is the detector efficiency, ni indicates the number of measured events in the time
interval [ti, ti + ∆t], the index k refers to the energy interval [E˜k, E˜k + ∆E˜] and the sum is
over the total period of data taking. We use the analysis window 3− 8 keV, which contains
most of the expected signal. The Dirac-like brackets indicate an average over time. The
distribution of ni is given by a Poisson distribution with average:
〈nik〉 = ǫk
[
λRk(ti) + bk
]
∆t∆E˜ (5.3)
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Figure 4. Example of the theoretical Primakoff conversion signal in a single detector, in counts per
kg.d.keV, for a detector resolution of 0.5 keV and gAγ = 10
−8 GeV−1.
where bk is the individual, constant detector background in the considered energy interval.
Assuming background dominates, we compute1:
〈χk〉 = ǫ2k λ
∑
i
W 2ik∆t∆E˜ ≡ λ · Ak
σ2(χk) ≈ ǫk bk Ak
(5.4)
Minimizing the associated likelihood function, we derive a simple estimator for the reduced
coupling λ:
λ˜(α) =
∑
k
χk
ǫkbk∑
k
Ak
ǫkbk
(5.5)
In order to combine all the detectors and at the same time take into account the lack of
knowledge of the azimuthal orientation of each crystal, we apply the following procedure.
Combining all detectors and scanning over all possible orientations, we obtain from the data
an overall distribution for λ˜, Dreal data(λ˜). We performed Monte Carlo simulations including
the detector exposures, efficiencies and backgrounds as well as a potential axion signal. These
simulations show that, in the presence of an axion signal, this distribution D charts a tail at
high λ˜. Based on simulations, we therefore introduce a statistical observable I given by:
1This corrects the expression found in [32].
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I =
∫
|λ˜|<λ˜c
D(λ˜)−
∫
|λ˜|>λ˜c
D(λ˜)
where λ˜cutoff = 0.003. The simulations allow us to obtain the expected distribution of I for a
given λ0 and set of detector orientations
2 αbolo0 . The measured value Ireal data is compatible
with simulations carried out for λ0 = 0. By scanning over λ0 and comparing the resulting
distributions of I with Ireal data, we can place a 95% CL upper limit on the axion-photon
coupling:
gAγ < 2.13× 10−9GeV−1 (95%CL).
This limit is shown in Fig. 5 and compared with constraints from other experiments and
astrophysical bounds. These results will be discussed in more details in Section 9.
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Figure 5. 95 % CL limit on the gAγ coupling from the solar Primakoff flux obtained by EDELWEISS-
II (red), compared to other crystal experiments such as SOLAX [34], COSME [35], CDMS [36] (green)
and DAMA [37] (90 % CL)). We also show the CAST limit [38] (blue) and indirect bounds from HB
stars [39]. The light red band labeled ‘Axion models’ represents typical theoretical models with
| E/N−1.95 | =0.07-7. The red solid line inside this band represents the case E/N=0 (KSVZ model).
6 Axion search: 14.4 keV solar axions
We now test the scenario in which solar axions are produced in the 57Fe magnetic transition
and detected by the axio-electric effect in a Ge crystal, resulting in a 14.4 keV electron recoil.
2Note that this procedure is independent of the chosen orientation of the detectors.
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The expected rate in counts per keV is the product of the flux Φ14.4 (Eq. 2.9), β = v/c,
the axio-electric cross section given in Eq. (3.2), the individual detector resolution σi and
exposure MiTi, summing over all detectors i:
R14.4(E˜) = β
3 Φ14.4 σA(14.4)
∑
i
MiTi
1√
2πσi
× e−
(E˜−14.4)2
2σ2
i
≡ λ×R14.4(E˜) where λ = (gAe × geffAN )2
(6.1)
At 14.4 keV, the online trigger efficiency is equal to 1 for all 10 detectors. Fig. 6 shows the
stacked electron recoil spectrum in the 12− 18 keV interval. There is no hint of a line at 14.4
keV and we therefore derive a limit on the line intensity using a binned likelihood function
and assuming Poisson statistics for the background:
L =
∏
i
e−N
th
i
(N thi )
Nexpi
N expi !
(6.2)
Here N expi is the observed number of events in the energy bin i and N
th(E˜) = λR14.4(E˜) +
B(E˜).
The likelihood function is gaussian to a very good approximation. In order to deal with
possible negative background fluctuations, we use the following prescription. If the likelihood
best fit is positive we use a standard gaussian 90% upper limit, the value is negative we assume
it is equivalent to a zero measurement. This is a conservative approach which solves issues of
undercoverage and empty intervals as discussed in [40]. We find R14.4 < 0.038 counts/kg/d.
This method was validated with MC simulations.
For a low-mass axion, this result translates to a 90% CL constraint on the couplings:
geffAN × gAe < 4.7× 10−17
Using the relationships given in Eq.(2.9) and Eq.(3.2), it is possible to obtain the upper limits
for geffAN × gAe as a function of the axion mass mA for axion masses up to 14 keV. Fig. 7 shows
this model independent limit.
7 Axion search: Compton, bremsstrahlung and axio-RD
In this scenario, solar axions are produced through Compton, bremsstrahlung and axio-RD
processes, resulting in the flux given by Eq. (2.11). These axions can be detected by the
axio-electric effect in the crystal, resulting in an expected count rate given by:
RC-B-RD(E˜) =
∫
dEA σA(EA)
(
dΦC-B-RD
dEA
)
×
∑
i
ǫi(E˜)MiTi
1√
2πσi
× e−
(E˜−EA)
2
2σ2
i
≡ λ×RC-B-RD(E˜) where λ = g4Ae
(7.1)
The notations are identical to Eq. (6.1), ǫi being the efficiency function for a given detector i,
which is relevant at low energy. We look for Compton-bremsstrahlung-axio-RD solar axions
in the 2.5 − 30 keV energy window, which contains most of the signal (see Fig. 1). We use
the same likelihood procedure described in the previous section, where N th(E˜) becomes:
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Figure 6. Stacked electron recoil spectrum around 14.4 keV. Blue: detector response to 14.4 keV
solar axions using axio-electric conversion at the 90% CL limit. Green: background model. Red:
axion signal with coupling at the 90% CL limit superimposed on the background model.
N th(E˜) = λRC-B-RD(E˜) +B(E˜) (λ = g
4
Ae) (7.2)
The expected signal is not a line feature, so the likelihood analysis window has been
tailored to each axion mass. Fig. 8 shows an example for mA = 0 keV, for which the expected
signal stands mostly below 5 keV, and therefore the likelihood is not strongly affected by the
presence of activation peaks. For mA > 5 keV, the presence of the peaks, not included in the
background model B(E˜), degrades the sensitivity to axions. For each axion mass, a 90 % CL
limit is found using the same prescription as before. The constraint found for axions with
mA ≪ few keV is RC−B−RD < 0.46 counts/kg/day. This translates to a constraint on the
axio-electric coupling: gAe < 2.56× 10−11 at 90% CL. The evolution of the limit on gAe as a
function of mA can be found on Fig. 11.
8 Axion search: dark matter axions
We now focus on the scenario in which axions constitute the entire dark matter halo of our
galaxy. Since the galactic DM is non-relativistic, the resulting signal due to the axio-electric
coupling will consist in electron recoils at an energy equal to the axion mass mA. From
Eq. (2.16) and Eq. (3.2), the expected axion count rate is:
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Figure 7. 90 % CL upper limits for gAe × geffAN as a function of the axion mass mA obtained with
the EDELWEISS-II data.
RDM(E˜) = ΦDMσA(mA)×
∑
i
ǫi(E˜)MiTi
1√
2πσi
× e−
(E˜−mA)
2
2σ2
i
= λ×RDM(E˜) where λ = g2Ae
(8.1)
The notations are the same as above. We look for galactic axions in the [2.5 keV - 100 keV]
mass window. We proceed with a binned likelihood as in Eq. (6.2), where
N th(E˜) = λRDM(E˜) +B(E˜) (8.2)
Over the whole energy range, no statistically significant excess was found, except at energies
where potential cosmogenic lines are expected. We therefore report a 90% CL limit on the
axion coupling as a function of its mass. We use the same prescription as above to derive
the appropriate limit. The shape of our electron recoil background implies that the strongest
constraint is found for 12- keV axions, for which we found RDM < 0.05 counts/kg/d. This
translates to a constraint on the dark matter axio-electric coupling at this mass: gae <
1.05 × 10−12. The limit on gAe within this scenario is represented as a function of mA in
Fig. 9.
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Figure 8. Efficiency-corrected stacked electron recoil spectrum for the whole exposure, close to the
analysis threshold. The detector response for a Compton Bremsstrahlung axio-RD, zero-mass axion
signal at the 90% confidence limit is represented by the blue curve, while the green curve shows the
conservative background model. Red curve: signal superimposed over the background model. Note
that the number of detectors used to compute the spectrum depends on the energy range considered.
9 Results and discussion
Channel 14.4 (gAe × geffAN ) DM (gAe) C-B-RD (gAe) P (gAγ)
Limit < 4.70 × 10−17 < 1.05 × 10−12 < 2.56 × 10−11 < 2.13× 10−9 GeV−1
Table 1. Summary of the limits on the different axion couplings. 14.4 stands for 14.4 keV solar
axions, DM for dark matter axions, C-B-RD for Compton-bremsstrahlung and axio-RD axions, and
P for Primakoff axions. The quoted values are in the limit mA = 0, except for the dark matter case,
which is given for mA = 12.5 keV. All limits are at 90% CL except P (95% CL).
Using the Sun as a potential source for axions, or under the hypothesis that galactic dark
matter is made of axions, we set model-independent constraints on the couplings of ALPs or
axions to gamma-rays, electrons, and nucleons. Table 1 summarizes the limits obtained for
each channel on the respective couplings:
• The Primakoff axion search is characterized by a specific time and spectral dependence
of the signal. The combination of low effective background and large exposure results
in a 95 % CL limit of gAγ < 2.13× 10−9 GeV−1, an improvement with respect to other
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Figure 9. Limit on the axion-electron coupling as a function of mA assuming the local dark matter
halo of our galaxy is made entirely of axions. The green contour corresponds to a possible interpreta-
tion of the DAMA annual modulation signal [23], while the black and blue curves are constraints set
by the CoGeNT [41] and CDMS [36] germanium detectors respectively. Dashed line: indirect bound
derived from the solar neutrino flux measurement [42].
germanium crystal-based searches [34–37]. Especially for ∼ 1− 100 eV axions, the only
other non-crystal constraints are indirect constraints derived from stellar physics.
• In a search for solar axions produced by Compton-bremsstrahlung and axio-RD pro-
cesses, we provide a model-independent limit on gAe which is currently the best direct
constraint on this coupling compared to [43, 44]. This limit also slightly improves the
indirect bound obtained from the solar neutrino flux measurement [42].
• The search for solar axions emitted by 57Fe provides first a model-independent limit
on gAe × geffAN , which improves the one presented in [21]. It is possible, as a second
approach, to calculate the allowed range of gAe as a function of the axion mass mA,
using values predicted by the DFSZ and KSVZ models for the couplings g0AN and g
3
AN .
The resulting constraints are shown in Figure 10.
• We also tested the specific scenario in which the galactic dark matter halo is made of
ALPs with a keV-scale mass. We found a limit similar to the one of CDMS [36] that
we extended up to 100 keV. The limit, as CDMS and CoGeNT [41], constrains such an
interpretation of the observed DAMA feature [23].
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Figure 10. Limits on gAe assuming values predicted by the DFSZ and KSVZ models for the couplings
g0AN and g
3
AN . The curves are calculated with the assumption S = 0.5 for the flavor-singlet axial vector
matrix element in both models and cos2 βDFSZ = 1 for the DFSZ model.
Fig. 11 presents a summary of all limits on gAe, some of which are valid only within a
given scenario.
Channel 14.4 (gAe × geffAN ) C-B-RD (gAe) P (gAγ)
KSVZ 154 eV < mA < 14.4 keV 269 eV < mA < 40 keV 5.73 < mA . 200 eV
DFSZ 7.93 eV < mA < 14.4 keV 0.91 eV < mA < 80 keV 14.86 < mA . 200 eV
Table 2. Excluded ranges of axion masses derived from EDELWEISS-II constraints within two bench-
mark models, KSVZ and DFSZ. We assume axion and hadronic parameters described in Section 2.
The channels considered are solar 14.4 keV axions (14.4), solar Compton-bremsstrahlung-RD axions
(C-B-RD) and solar Primakoff axions (P).
Within the framework of a given axion model, KSVZ or DFSZ, the only free parameter is
the axion mass, or equivalently the Peccei-Quinn symmetry-breaking scale fA (see Eq. (1.1)).
Therefore, our limits on the couplings constrain mA directly. We calculate the exclusion
range for mA from each of the three solar axion channels previously studied, within both
models assuming the model-dependent couplings and hadronic physics parameters given in
Section 2. Note that we do not use the dark matter channel here since keV-scale KSVZ or
DFSZ axions cannot constitute the local dark matter halo as they are not cold dark matter.
In addition, we observe that the limit related to the constraint on gAγ holds for mildly
relativistic solar axions, up to mA . 200 eV. In Table 2, the derived limits on the axion mass
are summarized for both benchmark models. Within the DFSZ model we completely exclude
the mass range 0.91 eV < mA < 80 keV from the Compton-bremsstrahlung-RD channel only.
Other channels are complementary in specific subintervals. Within the KSVZ framework,
combining the 14.4 keV and Compton-bremsstrahlung-RD channels, we exclude the mass
range 154 eV < mA < 40 keV. The Primakoff channel also excludes relativistic solar axions
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Figure 11. Summary of the constraints obtained by EDELWEISS-II on the gAe axion coupling
as a function of mA. The EDELWEISS limits are in red. Continuous lines starting at mA = 0,
including Derbin [43] and XMASS [44]: model-independent limit on gAe from the solar Compton-
bremsstrahlung-recombination flux. Continuous lines in the keV mass range, including CoGeNT [41]
and CDMS [36]: limits on the coupling of axions assuming they constitute all local galactic dark
matter. Dotted lines, including CUORE R&D [21], Derbin [45] and Borexino [46]: bounds on gAe,
derived from constraints on gAe × geffAN on various nucleus by assuming that geffAN follows the DFSZ
model with cosβDFSZ = 1. Benchmark DFSZ and KSVZ models are represented by a shaded band.
Indirect astrophysical bounds from solar neutrinos [42] and red giants [47] are represented in dashed
lines.
with mA > 5.73 eV, therefore closing the window for 5.73 eV < mA < 40 keV axion masses.
10 Conclusions
We have used data from the EDELWEISS-II detectors, originally used for WIMP searches, to
constrain the couplings of axion-like particles within different scenarios. Contrary to WIMP
searches, we used fiducial electron recoils as a potential axion signal. The collected data
provide both a reasonably large exposure of up to 448 kg.d, and a good energy resolution of
0.8 keV FWHM at low energy. In addition, the remarkable rejection of near-surface events
provided by the ID design, primarily used to reject surface beta radioactivity in WIMP
searches, also allows the rejection of additional low-energy gamma-rays of external origin.
This rejection provides an average background as low as 0.3 counts/kg/d/keV at 12 keV.
We set new limits on ALP parameters for different scenarios, some of which provide the
best bounds for direct axion searches. The 95% CL bound gAγ < 2.13 GeV
−1 derived from the
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solar Primakoff channel constrains axion models in the mass range ∼ 1− 100 eV for hadronic
axions. This constraint is complementary to helioscope bounds, which can currently only
probe lower axion masses within these models. Remarkably, the model-independent bound
on gAe obtained from the search for solar Compton-bremsstrahlung-RD axions reaches a better
sensitivity than the more indirect bound derived from solar neutrino flux measurements [42].
Combining the results from all solar axion channels provides a wide model-dependent mass
exclusion range, 0.91 eV < mA < 80 keV within the DFSZ framework and 5.73 eV < mA <
40 keV for KSVZ axions. This is a prominent result for a direct axion search from a single
dataset.
We therefore demonstrated the potential of germanium bolometric detectors equipped
with the ID design for future ALP searches. Improvements are expected with future setups,
such as EDELWEISS-III and EURECA [48], thanks to both better energy resolution and
larger exposures.
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